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Abstract
The impact of climate change on hydrological processes and nutrient input is one of the major uncertainties in projecting future global warming. The Soil and Water Assessment Tool (SWAT) model is applied to simulate the effects of temperature on the hydrology and sediment and nutrient load in the lower Pearl River Basin, South China. Calibration and validation results for SWAT showed that the Yamen estuary is appropriate for simulating the impacts of temperature change on both hydrological processes and nutrient input. The possible temperature change scenarios were set at T-2, T-1.5, T-1, T-0.5, T+0.5, T+1, T+1.5, T+2, T+2.5, T+3 • C compared to the current temperature, T
• C. The results showed that the relative variation of discharge with temperature was slight. The sediment load at T+3
• C is increased by 13.58% compared to that at T • C. Inorganic N and P inputs to the Yamen estuary showed an increasing trend with the temperature increase from T-2
• C to T+3 • C. Global warming can reduce the vegetation land cover by slowing plant growth, which will aggravate the water and soil loss. Temperature changes would have an effect on mineralization and nitrification by changing soil temperature and temperatures. The warming is projected to cause an increase of sediment and nutrient load into the estuary and accelerate eutrophication in the coastal area.
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Modélisation avec SWAT des effets du changement de température sur le débit liquide et sur le transport de sédiments et de nutriments dans le bassin inférieur du Fleuve Pearl
Résumé L'impact du changement climatique sur les processus hydrologiques et sur les apports de nutriments est l'une des principales incertitudes dans la projection future du réchauffement global. Le modèle SWAT (Soil and Water Assessment Tool) est appliqué pour simuler les effets de la température sur l'hydrologie et sur le transport de sédiments et de nutriments dans le bassin inférieur du Fleuve Pearl, Chine du Sud. Les résultats du calage et de la validation de SWAT montrent que l'Estuaire de Yamen est approprié pour simuler les impacts du changement de température sur les processus hydrologiques et sur les apports de nutriments. Les scénarios possibles de changement de température ont été fixés à T−2, T−1.5, T−1, T−0.5, T+0.5, T+1, T+1.5, T+2, T+2.5, T+3 • C par rapport à la température actuelle, T
• C. Les résultats montrent que l'écart relatif du débit avec la température est léger. La charge en sédiments à T+3
• C augmente de 13.58% par rapport à sa valeur à T • C. Les apports de N et de P inorganiques à l'Estuaire de Yamen présentent une tendance à la hausse avec l'augmentation de la température de T−2
• C à T+3 • C. Le réchauffement global peut conduire à une diminution du couvert végétal en ralentissant la croissance des plantes, ce qui aggraverait les pertes d'eau et de sol. Les changements de température auraient un effet sur la minéralisation et la nitrification via le changement de la température du sol. Le réchauffement devrait engendrer une augmentation du transport de sédiments et de nutriments vers l'estuaire et accélérer l'eutrophisation dans la zone côtière.
INTRODUCTION
Climate change is expected to impact on hydrological processes and water resources (Mileham et al., 2009; Labat, 2010) . Thodsen et al. (2008) studied the influence of climate change on river discharge and suspended sediment transport in rivers in Denmark on the basis of modelled changes in land use/land cover. Ficklin et al. (2009) studied the hydrological responses to variations of atmospheric CO 2 (550 and 970 ppm), temperature (+1.1 and +6.4 • C) and precipitation (0%, ±10%, and ±20%) in the agricultural San Joaquin watershed in California, USA. Lespinas et al. (2010) analysed the regional impact of recent climate change on the water resources in southern France. Temperature changes are a central aspect of climate change, as an increase in mean temperatures is predicted (Thuiller, 2007) . Some studies have shown that higher temperatures may lead to reductions in streamflow (Nash & Gleick, 1991) , but Labat et al. (2004) demonstrated that a temperature increase of 1 • C may lead to a global increase in runoff of 4%.
Ocean and land frequently interact along the coastal zone, and estuaries are special regions where freshwater and seawater mix. Coastal zones and shallow marine areas are among the most productive ecosystems in the world (Glantz, 1992) . Estuaries receive the total continental sediment load, and are frequently sites of major population centres, and so strongly affected by anthropogenic pollution (Sondi et al., 2008) . The load of sediment and pollutants transported from land into estuaries exerts impacts on the marine environment, biogeochemical characteristics and the transport cycle of inorganic compounds (Fulton et al., 2004) . Delicate estuarine ecosystems can easily lose their balance because of the other environment changes, including climate change.
Human-induced climatic changes can accordingly have a further effect on the ecology and environment of estuaries (Struyf et al., 2004) . Studies have reported that an increase in CO 2 under constant temperature and precipitation causes an increase in water yield (Aber et al., 1995; Fontaine et al., 2001; Chaplot, 2007) . As future changes in river discharge and watershed hydrology caused by global warming are important factors for water management, many researchers have studied the sensitivity of streamflow and hydrological processes to climate change (e.g. Merritt et al., 2006; Hagg et al., 2007) .
Eutrophication, due to deposition of nutrients from terrestrial ecosystems, is one of the biggest ecological problems in coastal waters worldwide (Hautier et al., 2009) . Nitrogen and phosphorus are, on the one hand, the most limiting elements for primary production and, on the other hand, most responsible for eutrophication (Stevens et al., 2004; Wassen et al., 2005; Clark & Tilman 2008; Conley et al., 2009) . However, there are many uncertainties regarding the impact of land-derived sediment and nutrient loads on estuaries under conditions of climate change.
The Pearl River is the second largest river in China and 13th largest in the world in terms of annual water discharge (336 km 3 /year; Zhang et al., 2009) , and the Pearl River estuary is regarded as very complex. It is one of the most important contributors of dissolved materials and sediment to the South China Sea (Lan et al., 2003; Yang et al., 2003; Chen & Chen, 2004; . Changes in runoff and sediment discharge have resulted in the formation and degradation of immense areas of deltas, and exerted a great influence on the environment around river mouths including those of the Pearl River distributaries . Climate change may affect the terrestrial load of an estuary and, in turn, strongly influence the ecosystem diversity and function. Knowledge of this is essential for long-term planning for climate change to protect the water environment and ecology in estuaries.
The Soil Water Assessment Tool (SWAT) is a watershed simulation model system and can be applied to quantify the environmental impacts of temperature at the watershed scale. The SWAT model is good at simulating climate change processes and convenient for data input. During simulation, the climate, land use, soil, topography and geological variations are all taken into consideration (Arnold & Fohrer, 2005) . Zhang & Jogensen (2005) , for example, have applied the SWAT model to assess regional, point and non-point source (NPS) pollution reductions for best management practices in Denmark. However, little has been done regarding the effect of climate change on NPS pollution in estuaries.
The SWAT model has been applied successfully throughout the world, for example in Asia (Hu et al., 2007; Ouyang et al., 2008; Somura et al., 2009) , the USA (Ficklin et al., 2009) , Europe (Panagopoulos et al., 2007) , and other regions (Sun & Cornish, 2005; In the present study, we aimed to estimate the impacts of temperature change on discharge, sediment, nitrogen and phosphorus loads. We used SWAT and studied the NPS pollution from the land basin on the estuary under different temperature change scenarios for the lower Pearl River Delta. The average temperature increased by 0.74 • C over the last 100 years (1906 -2005 IPCC, 2007) . Global temperatures are expected to rise by 1.1-6.4 • C by the end of the 21st century (2090 -2099 IPCC, 2007) . The observed warming rate in China was in the range 0.5-0.8 • C/century (Qin & Xiao, 2009) , while most studies use a 1 • C increment for climate change, which is adequate for research. The scenarios used in this sensitivity study illustrated different temperature changes set at T-2, T-1.5, T-1, T-0.5, T+0.5, T+1, T+1.5, T+2, T+2.5, T+3 • C. The objectives of this study were to understand how climate change could affect nutrient pollution in the Pearl River estuary through the changes in non-point nutrient pollution in the river basin.
MATERIALS AND METHODS

Study area
The Pearl River is the second largest river in China in terms of discharge. It has a very complicated large-scale estuarine watershed, consisting of a tidal river network and eight estuaries. The Pearl River has three major tributaries, the Xijiang, Beijiang and Dongjiang. Xijiang is the longest of the three and also the largest, contributing 70% of the total runoff (Chen et al., 2008) . It lies in the subtropical to tropical monsoon climate straddling the Tropic of Cancer. Annual precipitation ranged from 1200 to 2200 mm in the past 30 years, with considerable spatial and temporal variation. Annual average air temperature ranged from 14 to 22 • C. The case study is located in Guangdong Province, in south China, and in the lower Pearl River flood plain (Fig. 1) . It covers an area of approximately 5092 km 2 . The elevation of the study site decreases from northwest to southeast, and the water flows from the east to the west. The water from the study area flows into the South China Sea by four western estuaries (Modaomen, Yamen, Hutiaomen and Jitimen). Their runoff is mainly related to the Xijiang River. The annual average runoffs of the Modaomen, Yamen, Hutiaomen and Jitimen are 92.3, 56.5, 20.2 and 19 .7 × 10 9 m 3 , respectively, and account for 28.3, 6.0, 6.2 and 6.1% of the total Pearl River runoff. In the Pearl River Delta, much of the former cropland is now urban, and much of the surrounding forest was rapidly taken over for cropland between 1998 and 2003.
THE SWAT MODEL
The SWAT model is a process-based spatiallydistributed parameter watershed-scale simulation model developed by the Agricultural Research Service at the US Department of Agriculture. It was developed to quantify the impact of various management strategies on water discharge, sediment and water quality in large complex catchments (Gassman et al., 2007) , and can be run with a daily, monthly, or yearly time step. Many versions have been developed; our sampling site is modelled with the 2000 version.
SWAT requires daily maximum and minimum air temperature, which can be simulated or input. In this study, observed daily air temperature was input to the model.
The hydrology model is based on a water balance equation, comprising surface runoff, precipitation, evapotranspiration, infiltration and subsurface runoff. Surface runoff is computed by the SCS curve number method (Arnold, 1990) . In hydrological processes, potential evapotranspiration is affected by temperature. Potential evapotranspiration is calculated by the Penman-Monteith equation which requires solar radiation, air temperature, relative humidity and wind speed.
Soil erosion was estimated using the Revised Universal Soil Loss Equation (RUSLE) (Williams, 1995) . One parameter of the equation is related to land cover. Plant production is strongly temperaturedependent; therefore, temperature affects the erosion process by changing the land cover afforded by vegetation.
Nutrients are introduced into the main channel through surface runoff and lateral subsurface flow, and transported downstream with channel flow. The nitrogen (N) cycle is a dynamic complex system that includes the water, atmosphere and soil. Nutrient movement and transformation are simulated as a function of the nitrogen or phosphorus cycles. The nitrogen cycle involves five different forms of nitrogen: NH 4 + , NO 3 -, fresh organic N, active organic N and stable organic N. The phosphorus (P) cycle involves three different forms of phosphorus in soil: organic P associated with humus, insoluble forms of mineral P, and plant-available P in the soil solution. Nutrient materials in soil are indispensable for plant growth but are also the sources of pollution that causes eutrophication of waters. The nitrogen cycle processes of mineralization, decomposition, nitrification, ammonia volatilization and denitrification ( Fig. 2 ) all depend on temperature (Neitsch et al., 2002) , as do the phosphorus cycle processes of mineralization and decomposition ( Fig. 3) (Neitsch et al., 2002) .
Nutrient transformations occur not only in soil but also in water, where a stepwise transformation takes place from organic nitrogen to ammonia, to nitrite, and finally to nitrate (Neitsch et al., 2002) . Organic N may also be removed from the stream. Phosphorus is transformed into organic P by the death of algae; and organic P is mineralized to soluble phosphorus (Neitsch et al., 2002) . Every nutrient transformation step may be affected by water temperature, and this is expressed by eight equations in SWAT (cf. Neitsch et al., 2002) .
In SWAT, the basin is first divided into subwatersheds, based on topography, by the GIS tool, and each sub-watershed is associated with a tributary channel or a main channel. Then each sub-watershed is further divided into HRUs (hydrologically representative units), based on unique combinations of soil and land cover, in order to make the model result more accurate by full consideration of the spatial distribution. The HRU is the basic computation element. The study area was divided into 36 sub-basins (see below).
Data preparation
The model requires two kinds of base data, one is spatial data, and the other is property data. Spatial data include a digital elevation map (DEM), soil map, land-use map and a numerical stream network map. The property data include flow, sediment and nutrient loading data, precipitation and climate data (solar radiation, relative humidity, wind speed and temperature), and a soil parameter database. The data used are shown in Table 1 .
The 1:250 000 DEM was used for calculating flow direction (Fig. 4) . Owing to the low topography, the resulting stream network was different from the reality. So the digital stream network was needed to correct the result. The corrected resulting network was used to divide the watershed into a reasonable number of sub-basins. The study basin was divided into 36 sub-basins according to the locations of the stream networks and four gauges within the basin.
The land-use map was derived for the year 2000. There are six major types of land cover, as shown in Fig. 5 . Forest cover was about 56%, agricultural land 28%, urban land 7%, and grassland 4%.
There are 14 types of soil in the study area (Fig. 6) . The main two are lateritic red soil and rice soil, which account for 48.04% and 41.02% of the total study area, respectively. The use of detailed soil information is a crucial factor in enhancing the quality of simulation (Chaplot, 2005) , so soil type and soil properties were reviewed based on data from the book Record of Guangdong Soil Types. The soil property data include sand, silt and clay contents (%), organic matter content (%), and total nitrogen (mg L -1 ), total phosphorus (mg L -1 ), available phosphorus (mg L -1 ) and bulk density (g cm -3 ). The SPAW model can compute a daily estimate of soil water content and soil evaporation (Rao & Saxton, 1995) .
As the data in the book are incomplete, part of the soil properties data were recalculated using SPAW for simulation.
Sensitivity analysis
Parameter sensitivity analysis provides insights as to which parameters contribute most to the output variance due to input variability (Holvoet et al., 2005) . It is important and advisable for SWAT calibration. In this study, sensitivity analysis was performed by the Latin Hypercube-One-At-a-Time (LH-OAT) method. The advantage of LH-OAT is that it can lessen the range of parameters, decrease the number of parameters being adjusted and improve the efficiency of simulation (Wang et al., 2010) . Full details of the LH-OAT sensitivity analysis procedure can be found in Holvoet et al. (2005) .
Sensitivity analyses were performed for discharge, sediment, inorganic nitrogen and inorganic phosphorus. The detailed definition and ranges of parameters are shown in Table 2 . After the sensitivity analyses, 10 of the most sensitive parameters were selected (Table 3) . Their sensitivity is shown in rank order; the parameter ranked 1 is considered the most sensitive. Parameter CN2 is the most sensitive for discharge and inorganic nitrogen simulation; SPCON is the most sensitive parameter for sediment; and SOL_LABP is most sensitive parameter for inorganic phosphorus.
Calibration and evaluation method
The calibration process was carried out for hydrology and water quality in three major steps: first was water balance calibration, then sediment calibration, and finally water quality calibration. According to the quality of the collected data for calibration, the discharge and sediment simulation results were calibrated with a monthly time step over the period 1995-1999; and the water quality was calibrated with a yearly time step for 2002-2005 because only annual nutrient observation data were available. For calibration, three statistics: the correlation coefficient (R), forecast efficiency coefficient (E) and deviation of percentage volume difference (D) (Wu & Xu, 2006) were used to assess the agreement between the simulation and measured results for the continuous period and to optimize the objective function.
The correlation coefficient (R) is a commonly used statistical measure that indicates the linear dependence of measured and calculated values. The deviation of percentage volume difference is a measure of the average tendency of the simulated flows to be larger or smaller than their simulated values, and is calculated as:
where Q obs is the observed value, and Q sim is the simulated value. A positive value indicates a model bias toward underestimation, whereas a negative value indicates a bias toward overestimation (Gupta et al., 1999) . The smaller the absolute value of D, the better the model results are; 0.0 shows the best simulation result.
The third evaluation criterion is the NashSutcliffe coefficient of simulation efficiency (E) (Nash & Sutcliffe, 1970) , which is found to be the best objective function for reflecting the overall fit of a hydrograph (Servat & Dezetter, 1991) . It is calculated according to:
where Q obs is the mean of the observed monthly value, and n the total number of simulations. The value of E varies from -∞ to 1.0; the higher the value the better the accuracy of model prediction. If the E value is less than or very close to zero, the model performance is considered to be unacceptable or poor.
After calibration of the basic hydrological and pollution parameters, the SWAT model was applied to simulate the climate change effects on water and sediment for the 
Climate change scenarios
Using the calibrated models, a series of climate change scenarios were run with SWAT to test how climate change may influence the hydrology and eutrophication pollution due to estuary export loads. The climate change scenarios represented some possible changes in global temperature in the future. These changes were assumed based on activities and trends of climate change in the basin as estimated by the IPCC. Some models, such as general circulation models (GCMs), are applied to predict the future temperature changes. They suggest that the average temperature will rise by 1.4 • C by 2050 (Krysanova et al., 2007) , and by 2-3 • C from the 2000 level by the end of the 21st century (IPCC, 2007; Somura et al., 2009) . But in China, the temperature increase was about 0.5-0.8 • C/century, and temperature increased by 0.4-0.6 • C at the sample site during 1951-2000 (Qin & Xiao, 2009 ). In addition to the anticipated global warming, some temperature decrease was included in this study. As no clear trend was found in precipitation change for the last 100 years at the study site (Qin & Xiao, 2009) , only temperature was considered over the simulation period here. The changes in temperature for the future possible temperature scenarios were set at: T-2, T-1.5, T-1, T-0.5, T+0.5, T+1, T+1.5, T+2, T+2.5, T+3 • C (T being the current temperature, 1995-2004) . These cases may help assessment of the effects of terrestrial elements on the estuary in the future. The discharge, sediment and nutrient load for each temperature scenario were the average calculation value of ten years from 1995 to 2004.
RESULTS
Calibration and validation analysis
The three statistics for simulated and observed discharge during the calibration and validation periods are summarized in Tables 4 and 5 . The discharge results were split up for calibration (1995-1999) and validation (2000-2004) purposes. The Modaomen estuary had the best simulation result for monthly discharge during calibration (R = 0.98 and E= 0.96). Moreover, monthly discharge simulation for Jitimen was also excellent (R = 0.98 and E = 0.93). The D values in Tables 4 and 5 indicate that the simulation values of the four estuaries were higher than observed values during calibration, except for Modaomen, and lower than the observed values during validation. The E values for the estuaries were all above 0.6, indicating that SWAT is suitable for modelling discharge to the estuary. The best fit for monthly sediment during calibration was also for Modaomen estuary (R = 0.89 and E = 0.91); the next best was Yamen (R = 0.85 and E = 0.76). The simulation values of Yamen and Jitimen were lower than the observed values during calibration and higher during validation. Simulation values for Modaomen and Hutiaomen during calibration and validation were all higher than the observed values. The E values, with the exception of that for Hutiaomen, were all above 0.6, indicating that SWAT is acceptable for simulating sediment load from the basin. The results showed that the simulation of discharge and sediment for the four western estuaries with SWAT is satisfactory in general.
The inorganic nitrogen and phosphorus simulation values were calibrated on annual observed data ( Table 4 ). The results showed that the best fit for nitrogen was for Yamen (E = 0.74, R = 0.86 and D = -0.25), as was the best fit annual inorganic phosphorus (E = 0.82, R = 0.96 and D = 7.22). Of the four estuaries, E values for inorganic nitrogen and phosphorus were above 0.6 only for Yamen, and the D and R values for Yamen were also good results. For the other estuaries, the statistics indicated that the agreement between the observed and simulated values was not acceptable.
The results suggest that the calibrated model describes the discharge and sediment load with high accuracy. The non-point pollution performance of SWAT for the Yamen estuary is satisfactory based on its R, D and E values. The results indicate that the calibrated model with the set of optimized parameters can be applied to examine responses of the Yamen basin water, soil loss and water quality to climate change. The Yamen has better calibration results than the other three estuaries mainly because the terrestrial material in Yamen mainly originates in the study area, while that of the other three estuaries is greatly affected by the middle and upper reaches of the Xijiang River which is located outside of the study area.
Effects of temperature change on discharge load
To estimate the impact of temperature change on basin discharge, 11 conditions were considered in this model. The effects of temperature change on discharge from the Pearl River delta basin are shown in Fig. 7 . The discharge increased when temperature increased from T-2
• C to T • C. However, in the global warming scenario, discharged decreased for temperatures between T • C and T+1.5 • C, but increased with temperature above T+1.5 • C. The results indicate that the discharge did not increase with temperature change, although there is great fluctuation from T • C to T+3 • C, but the changes are slight, ranging from -0.81% to 0.13%.
Effects of temperature change on sediment load
The calibrated SWAT model was used to simulate monthly sediment load from the sampling site under the designed land-use scenarios from January 1995 to December 2005. The capacity for sediment input decreased slightly with the temperature decrease. It increased strongly with temperature increase from T+1.5 • C to T+3 • C (Fig. 8) . The sediment load at T+3 • C is increased by 13.58% compared to that at the current temperature (T • C), indicating that global warming may increase the soil loss. When the temperature is lower than T • C, both discharge and sediment load at the Yamen outlet decreased, and vice versa. This result for sediment load is in the opposite direction to the changes in discharge for Yamen.
Effects of temperature change on inorganic nitrogen and inorganic phosphorus load
Inorganic nitrogen showed an increasing trend when temperature increased from T-2 • C to T+3 • C (Fig. 9 ). For the scenario T = -2 • C, the inorganic nitrogen in the estuary decreased the most (relative variation was 16.38%), whereas a large increase occurred when the temperature increased from T • C to T+3 • C; the greatest change, 40.17%, occurred at T+3 • C compared to the current scenario. The results show that the relative variation of inorganic nitrogen was much greater than that of discharge and sediment, indicating that inorganic nitrogen is more sensitive to temperature change than are discharge and sediment. Inorganic nitrogen input in Yamen had a similar variation trend to sediment, i.e. both inputs increase with temperature increase. Part of the nitrogen may be attached to sediment and transported in the form of particulate nitrogen. Erosion also will increase nitrogen input to the estuary. The impact of climate change on inorganic phosphorus load is shown in Fig. 10 . The temperature effect is not as distinct as for inorganic nitrogen. When the temperature is lower than T • C, the inorganic phosphorus load decreased markedly compared to the current scenario (T • C); the minimum relative variation was -17.30% at T = -2 • C. For the global warming scenarios, inorganic phosphorus showed a slight increasing trend with fluctuations, the variation ranging from 0 to 5.86%.
In the different temperature scenarios, inorganic phosphorus behaved like inorganic nitrogen and sediment. When temperature exceeds the optimum, plant growth slows down, which decreases vegetation land cover and increases the soil organic matter content. Nitrogen and phosphorus mineralization and decomposition rates of organic matter accelerate with temperature increase. There is another inorganic N source: nitrification, which is also enhanced with temperature increase. The results suggest that inorganic N is more sensitive to global warming than inorganic P. In contrast, inorganic P and inorganic N load to the estuary decrease with temperature decrease.
DISCUSSION
The impact of climate change on hydrological processes and nutrient input is a broad issue and one of the major uncertainties in projecting future global warming impacts. Hydrological models are important tools for simulating the impacts of future temperature change. Climate change projections are generally simulated by general circulation models, GCMs (Mimikou et al., 1991; Mohseni & Stefan, 1998) . In the present study, the SWAT model was selected to simulate the effects of temperature change on hydrological processes and nutrient flow in the Pearl River estuary. The details of the ecohydrological SWAT model are reviewed by Krysanova & Arnold (2008) . The hydrological processes are divided into two phases: the land phase, which controls the quantity of water and sediment and nutrient load input to receiving waters; and the water routing phase, which simulates movement through the channel network. The present study linked the land catchments of the Pearl River with the water nutrient content delivered to its estuary my means of SWAT modelling, and the effects of temperature on hydrological processes and nutrient conditions in the Pearl River estuary were investigated.
Calibration and validation results indicated that SWAT is applicable for simulating discharge and sediment in the estuary's basin. But for nutrient (N, P) simulation, the model is only applicable for the Yamen estuary, and is not suitable for simulating the three other estuaries (Modaomen, Hutiaomen, Jitimen), based on the validated values of E, D and R (Tables 4 and 5 ). One possible reason is that flow at the Yamen outlet derives mainly from a relatively independent basin in the study area, while more than 75% of the water in the other three estuaries comes from the Xijiang River. In addition, few observed water quality data for the Xijiang River were available for the three estuaries, which may lead to the poor nutrient calibration performance for the three estuaries. Further studies are needed to find the main reasons for the unacceptable calibration results in these three estuaries.
Our results showed that discharge decreased when temperature decreased from T • C to T-2 • C, while the curve was a "V" shape, with increase accompanying temperature increase from T • C to T+3 • C (Fig. 7) . This is supported by other studies in northeast Asia. Somura et al. (2009) found that the average annual discharge decreased by a few percent with temperature increase in Japan. Their results showed that increasing temperature from 1 to 3 • C caused discharge to increase in January and December, while in all other months, discharge decreased with increased temperature. However, the discharge variation resulted from temperature increase in Japan (decreased by 15%) is much greater than that (decreased by 0.81%) in our study. This may be due to the basic temperature, since the average annual temperature of 22 • C in south China is much higher than that, 14 • C, in Matsue, Japan, and the discharge may be more sensitive to temperature increase in colder areas. Zweimüller et al. (2008) , using longterm data from 1951 to 2006, predicted that the mean annual discharge rates remained fairly constant over the years using a regression method, but the seasonal pattern changed: in the summer discharge decreased, whereas the opposite trend was observed during the winter months in the Austrian Danube. Thus, further studies are needed to understand the seasonal fluctuations of discharge resulting from temperature change, and study of the effects of the difference in basic climate conditions in different areas on simulated discharge results is required.
Sediments are important carriers of nutrients, and different degrees of soil erosion would induce different changes of nutrient input to the estuary. A large sediment load also increases the input of nutrient materials to the estuary. Our results showed that the sediment and nutrient input increased with temperature increase in the Yamen estuary (Figs 8, 9 and 10). Air temperature could influence a number of physical, chemical and biological processes (Neitsch et al., 2002) . Firstly, plant production is strongly temperature-dependent. Generally, the current temperature is optimal for plant growth in a region. Above the optimum temperature, plant growth rates begin to slow, which results in erosion. Secondly, soil temperature fluctuates due to seasonal and diurnal variations in surface temperature. So changes in air temperature cause a corresponding change in soil temperature. Such cycles may aggravate the impact of temperature change on sediment, and the input of inorganic nitrogen and inorganic phosphorus. Global warming may result in great changes in many biological processes in the land phase; it increases plant growth, soil nutrient transformation and movement (Lahti et al., 2005; Bijoor et al., 2008; Yuan & Chen, 2009) . When the temperature exceeds the optimum temperature, the plant growth rate begins to slow down, which reduces vegetation land cover. The bare soil may enhance the supply of sediment and nutrients to runoff, so altering the sediment and nutrient level in the estuary.
The nitrogen and phosphorus cycle processes, shown in Figs 2 and 3, are very complex processes which are closely related to temperature. Nitrification and nitrite accumulation are highly dependent on temperature, and both ammonia oxidation and nitrite oxidation rates increase significantly with increase in temperature (Kim et al., 2008) . Nitrogen is considered to be a very active element because it can vary its valence state. The simulation results also show that the inorganic nitrogen is more sensitive to temperature than the sediment and inorganic phosphorus. The solubility of phosphorus is low compared to nitrogen, and it is relative stable in most situations. The present study showed that the capacity for phosphorus input decreased when temperature decreased from the current temperature T
• C to T-2 • C, and the variation showed a slight upward trend when the temperature was above current temperature T • C. More attention should be paid to temperature change since slight changes may bring large quantities of nutrients into the river, which may lead to eutrophication.
Apart from the effects of temperature on the transformation of N and P, temperature change also exerts impacts on nutrient input by altering nutrient cycling in catchments. Higher soil temperatures result in increased N mineralization if the soil water content does not limit microbial activity (Piatek & Allen, 1999; Zak et al., 1999) . In the study area, annual precipitation is around 2000 mm and water is not a limiting factor for microbial activity. With temperature increase, the increased microbial activity may accelerate litter decomposition and enhance the nutrient transformation from organic to inorganic forms. This leads to increases in the input of inorganic P and N to the river and thus increases the probability of eutrophication.
CONCLUSIONS
In this study, a physically-based distributed hydrological model, SWAT, was selected to simulate water and water quality processes in coastal areas, and then applied to evaluate the effect of temperature on discharge and sediment and nutrient loading in the runoff to estuaries. The SWAT model showed reasonable accuracy and small uncertainty as to water and soil loss at four estuaries.
Nutrients constantly transform among different forms in the transportation process. There is a stepwise transformation from organic nitrogen to ammonia, to nitrite, and finally to nitrate (Neitsch et al., 2002) . When large quantities of nutrients from upstream enter the study area, the translation and migration of nutrients in the study area is complex, and makes the simulation of water quality difficult. Our results showed that the SWAT model can be applied to the Pearl River coastal basin for water quality simulations. Tide and salinity did not affect the simulation accuracy. Further studies are needed to validate if it can be applied with acceptable results to other coastal basins.
Temperature has little effect on discharge in the study basin, and so on runoff to the estuary. Temperature changes in the basin affect plant growth, the nitrogen cycle, the phosphorus cycle and transformations of nitrogen and phosphorus. Global warming will increase the input of sediment and nutrient materials to the estuary. An overload of sediment and nutrients to coastal waters will aggravate eutrophication which may induce outbreaks of red algae blooms (red tides).
Global warming will not only cause glacier shrinkage, sea-level rise, an increase of weather extremes, and so on, but also increase the frequency and scale of red tides. The measures controlling global warming, such as reducing carbon emissions, will be also an effective measure to reduce red tides.
